Virologists have posited the existence of millions of distinct viral species, but fewer than 9000 viral 39 species are catalogued in GenBank's RefSeq database. We selectively enriched for and amplified the 40 genomes of circular DNA viruses in over 70 animal samples, ranging from cultured soil nematodes to 41 human tissue specimens. Over 2500 complete circular genomes, each representing a new viral taxon, 42
2 some predicted capsid proteins formed virus-like particles. These data further the understanding of viral 49 sequence diversity and allow for more comprehensive analysis of the virosphere. 50 51
Main 52
There has been a rush to utilize massive parallel sequencing approaches to better understand the 53 complex microbial communities associated with humans and other animals. Although the bacterial 54 populations in these surveys have become increasingly recognizable 1 , a substantial fraction of the reads 55
and de novo assembled contigs in many metagenomics efforts are binned as genetic "dark matter," with 56 no recognizable similarity to characterized sequences 2,3 . Some of this dark matter undoubtedly consists 57 of viral sequences, which have remained poorly characterized due to their enormous diversity 4 . Recent 58 efforts have shown that our understanding of viral diversity, even of viruses known to directly infect 59 humans, has been woefully incomplete 5 . To increase the power of future studies seeking to find 60 additional associations between microbes and host animal phenotypes, representative sequences for all 61 clades of the virosphere need be identified, annotated, and made publicly accessible.
62
Virus discovery has typically proven to be more difficult than discovery of cellular organisms.
63
Whereas all known cellular organisms encode conserved sequences (such as ribosomal RNAs) that can 64 readily be identified through sequence analysis, viruses, as a whole, do not have any universally 65 conserved sequence components 6,7 . Nevertheless, some success has been achieved in RNA virus 66 discovery by probing for the conserved sequences of their distinctive RNA-dependent RNA polymerase 67 or reverse transcriptase genes in metatranscriptomic data 8 . Also, many bacteriophages of the order 68
Caudovirales, such as the families Siphoviridae, Podoviridae, and Myoviridae, are extensively 69 characterized due to their and their hosts' culturability and their detectability using viral plaque assays 9-70 11 . In contrast, many small DNA viruses are not easily cultured 12 , use diverse genome replication 71 strategies, and typically lack polymerase genes 13 . An additional challenge is that small DNA viruses with 72 segmented genomes may have segments that do not encode recognizable homologs of known viral 73 genes. Therefore, small DNA viruses are particularly sparse in reference databases.
74
Despite the apparent challenges in detecting small DNA viruses, many have physical properties 75 that can be leveraged to facilitate their discovery. In contrast to the nuclear genomes of animals, many 76 DNA virus genomes have circular topology, which allows selective enrichment through rolling circle 77 amplification (RCA) methods. Further, the unique ability of viral capsids to protect nucleic acids from 78 nuclease digestion and to mediate the migration of the viral genome through ultracentrifugation 79 gradients or size exclusion columns allows physical isolation of viral genomes. In this study, we use 80 physical and topological features common to many DNA viruses to uncover a diverse array of complete 81 circular viral genomes in various human and non-human animal samples. A high-throughput 82 bioinformatics pipeline was developed to classify and annotate over 2500 candidate viral genomes. 83 84
Results

85
Virion enrichment and sequencing 86
We have previously developed methods for discovery of viruses (primarily polyomaviruses and 87 papillomaviruses) from skin swabs and complex tissue specimens 14 . The approach begins with 88 detergent-mediated cell disruption and nuclease digestion of non-encapsidated nucleic acid. This is 89 followed by ultracentrifugation of virions through Optiprep gradients. The purified virions are then 90 subjected to protein digestion, and the encapsidated DNA is amplified by random-primed RCA using 91 bacteriophage phi29 DNA polymerase, which selectively amplifies circular DNA templates and conducts 92 second strand synthesis on ssDNA. The amplified DNA is then deep-sequenced, and reads are de novo 93 assembled into contigs with SPAdes 15 . This approach was applied to a large set of human and animal 94 samples (Table S1 ). The samples sources were varied, but emphasis was placed on using a variety of 95 tissues from vertebrates and model organisms. 96
For the current study, we developed a bioinformatics pipeline, Cenote- Taker (a portmanteau of Of the novel circular sequences detected in the survey, 1844 encode genes with similarity to proteins of 114 ssDNA viruses and 55 encode genes with similarity to dsDNA viral proteins (Fig. 1A) . The large majority 115 of genomes from this study are highly divergent from previously reported sequences (Fig. S1 ). The most 116 common taxon was the viral family Microviridae, a class of small bacteriophages, with 670 complete 117
genomes. This represents a dramatic expansion beyond the 459 non-redundant microvirus genomes 118 previously listed in GenBank (of which 44 were listed in the RefSeq database) (Fig. 1B) . We discovered 119 562 genomes that had similarity to Circular Rep-Encoding Single-Stranded (CRESS) viruses that have yet 120 to be assigned into specific families, i.e. unclassified CRESS viruses (compared to the 85 listed in RefSeq).
121
Three hundred genomes displayed recognizable similarity to members of the Circoviridae, a class of 122 animal-tropic CRESS viruses, adding to the 427 non-redundant circovirus genomes previously listed in 123
GenBank (167 genomes were listed in the RefSeq database). Other genomes that were uncovered 124 represent Anelloviridae (n=170), Inoviridae (n=70), Genomoviridae (n=58), Siphoviridae (n=18), 125 unclassified phage (n=14), unclassified virus (n=6), Geminiviridae (n=8), Podoviridae (n=10), Myoviridae 126 (n=7), Papillomaviridae (n=4), and CrAssphage (n=2) (Fig. 1B) .
127
It is difficult to assign a host to most of the viruses from this study due to their divergence from 128 known viral sequences. However, three viruses had exact matches to CRISPR spacers in bacterial 129 genomes (Siphoviridae sp. isolate ctcj11:Shewanella sp. W3-18-1, Inoviridae sp. isolate ctce6: 130 Shewanella baltica OS195, Microviridae sp. isolate ctbe523:Paludibacter propionicigenes WB4) and one 131 virus had an exact match to the CRISPR spacer of an archaeon (Caudovirales sp. isolate 132 cthg227:Methanobrevibacter sp. AbM4), implying that these organisms are infected by these viruses.
133
In addition to circular genomes with recognizable similarity to known viruses, 609 circular 134 contigs appeared to represent elements that lacked discernable similarity to known viruses (Fig. 1A) .
136
The vast majority of the de novo assembled circular genomes were <10 kb in length (Fig S2) electron microscopy (EM) revealed ~50 nm particles (Fig S5A) . Interestingly these particles were found 196 to contain nonspecific nuclease-resistant RNA (Fig S5B) . This supports the concept that CRESS virus 197 capsid proteins might theoretically be re-targeted to packing RNA virus genomes or vice versa.
198
CRESS genomes ctba10, ctcc19, ctbj26, ctcd34, and ctbd1037 (ranging from 3.5 -6.2 kb in 199 length) also each encode two divergent capsid gene homologs (Fig. 3D, Fig S6) . Single genomes encoding 200 multiple capsid genes with related but distinct amino acid sequences have been observed in RNA 201 viruses 34 , but we believe that this is the first time it has been reported in ssDNA viruses.
202
Two related large CRESS viruses (ctdb796 and ctce741) encode capsid proteins similar to those 203 of bacilladnaviruses (Fig 3G, I) (Fig. 3) . Curiously, TBLASTX searches using CRESS ctbb30 and ctbc27 sequences yielded 219 large segments of similarity to various bacterial chromosomes (e.g., GenBank accession numbers 220 AP012044 and AP018536), presumably representing integrated prophages. This suggests that CRESS 221 ctbb30 and ctbc27 represent a previously undescribed prokaryote-infecting branch of the CRESS virus 222 supergroup. 223 224
Network analysis of genetic "dark matter" 225
We defined potential viral "dark matter" in the survey as circular contigs with no hits with E values 226 <1×10 -5 in BLASTX searches of a database of viral and plasmid proteins. To categorize the predicted 227 proteins of the 609 dark matter elements, we used pairwise comparison with EFI-EST. A great majority 228 of translated gene sequences could be categorized into dark matter protein clusters (DMPCs) containing 229 four or more members (Fig. 4A) . Further, groups of related dark matter elements (i.e. dark matter 230 genome groups (DMGGs)), much like viral families, could be delineated by the presence of a conserved, 231 group-specific marker gene. For example, DMPC1 can be thought of as the marker gene for DMGG1.
232
Certain DMPCs tend to co-occur on the same DMGG. For instance, DMPC7 and DMPC17 ORFs are always 233 observed in genomes with a DMPC1 ORF (i.e., DMGG1) (Fig. 4B ). This pro tempore categorization 234 method is useful for visualizing the data, but we stress that is not necessarily taxonomically definitive.
235
Powerful new bioinformatic methods for detecting distant homology rely on the observation 236 that protein structures are typically more conserved than primary amino acid sequences. HHpred, for 237 example, compares the predicted fold of a query sequence to a library of known protein structures 39 . 238 6 Alignments were prepared for each major DMPC to identify conserved residues and each alignment was 239 used for HHPRED queries. This approach identified that ten DMPCs are likely viral capsid proteins and 11 240 are rolling circle replicases (Fig. 4A) .
241
While most of the circular dark matter in the survey could be characterized using these 242 methods, dark matter contigs represent a small remaining fraction in some samples (Fig. S9) . 243 244
Functional analysis of candidate capsid proteins by expression in cell culture 245
In contrast to viral genes with conserved enzymatic functions, sequences of the capsid genes are 246 often poorly conserved, even within a given viral family 40 . Moreover, it appears that capsid proteins 247 have arisen repeatedly through capture and modification of different host cell proteins 31 . This makes it 248 challenging to detect highly divergent capsid proteins using alignment-based approaches. We therefore 249 turned to an alignment-independent approach known as iVireons, an artificial neural network trained by 250 comparing alignment-independent variables between a large set of known viral structural proteins and 251 known non-structural proteins 41 (https://vdm.sdsu.edu/ivireons/). As an example of the approach, 252
iVireons scores for DMPCs associated with DMGG1 are shown in Fig. 4C . Other sets of iVireons scores 253 can be seen in Fig. S8 .
254
Of the 17 DMGGs for which HHPRED did not identify capsid genes, iVireons predicted that ten 255 contain at least one DMPC predicted to encode some type of virion structural protein (median score of 256 cluster >0.70). This allowed us to generate the testable hypothesis that some of these predicted 257 structural proteins would form virus-like particles (VLPs) if expressed in cell culture.
258
A subset of predicted capsid genes were expressed in E. coli and subjected to size exclusion 259 chromatography. Electron microscopic analysis of the proteins showed distinct, albeit irregular, VLPs for 260 three of these predicted capsid genes, whereas a negative control protein did not form particles (Fig. 5) .
261
The The predominance of small (<10kb) genomes with remote similarity to ssDNA viruses in our 277 dataset probably reflects the underappreciated ubiquity of small ssDNA viruses in nature. These viruses 278 are often overlooked in studies that only characterize sequences that are closely related to reference 279 genomes. In addition, ssDNA is not detected by some current DNA sequencing technologies unless 280 second-strand synthesis (such as the RCA approach used in the current study) is conducted.
281
While many of the viruses discovered in this study appear to be derived from prokaryotic 282 commensals, it is important to note that bacteriophages can contribute to human and animal diseases 283 by transducing toxins, antimicrobial resistance proteins, or genes that alter the physiology of their 284 bacterial hosts 43 . Furthermore, interaction between animal immune systems and bacteriophages 285 appears to be extensive 44 . 286 7 Over 100 distinct human anellovirus sequences were found in human blood. Anelloviruses have 287 yet to be causally associated with any human disease, but this study indicates that we are likely still just 288 scratching the surface of the sequence diversity of human anelloviruses. It will be important to fully 289 catalog this family of viruses to address the field's general assumption that they are harmless.
290
Several of the CRESS viruses detected in this study are larger than any other CRESS DNA virus 291 genomes that have been described previously. In some cases, the larger size of these genomes may have 292 been enabled by a process involving capsid gene duplication events. Further, CRESS virus acquisition of 293 T=3 capsids from ssRNA Nodaviridae and Tombusviridae families has been previously suggested as the 294 origin of bacilladnaviruses and cruciviruses, respectively. We present evidence of additional 295 recombination events between CRESS viruses and ssRNA viruses, ssRNA satellites, and ssDNA 296 bacteriophages. These data suggest that CRESS viruses are at the center of a tangled evolutionary 297 history of viruses in which genomes change not just via gradual point mutations but also through larger 298 scale recombination and chimerization events.
299
It is likely that some dark matter sequences detected in this study share a common ancestor 300 with known viruses but are too divergent to retain discernable sequence similarity. In some cases, the 301 dark matter circles may represent a more divergent segment of a virus with a multipartite genome. Analysis of linear contigs in the survey found many instances of recognizable viral sequences.
381
One noteworthy example were anelloviruses, where many contigs terminated near the GC-rich stem-382 loop structure that is thought to serve as the origin of replication. This segment of the anellovirus 383 genome is presumably incompatible with the short read deep sequencing technologies used in this 384 study. Nearly complete anellovirus genomes, defined as having a complete ORF1 gene and at least 10-385 fold coverage, were deposited in GenBank (Table S1 ). 386 387
Expressing Potential Viral Structural Proteins in human 293TT cells 388
Codon-modified expression constructs encoding the three predicted STNV-like capsid proteins from the 389 nematode virus (CRESS virus isolate ctdh33) were designed according to a previously reported "as 390 different as possible" algorithm 391 https://ccrod.cancer.gov/confluence/display/LCOTF/Pseudovirus+Production. 293TT cells were 392 transfected with combinations of STNV capsid-like protein expression constructs for roughly 48 hours.
393
Cells were lysed in a small volume of PBS with 0.5% Triton X-100 or Brij-58 and Benzonase DNase/RNase 394 (Sigma). After several hours of maturation at neutral pH, the lysate was clarified at 5000 x g for 10 min.
395
The clarified lysate was loaded onto a 27-33-39% Optiprep gradient in PBS with 0. Sequences were queried against a database of viral and plasmid sequences. Only hits with E values < 1×10 -5 were plotted. Here, BLASTX only reports the most significant stretch of amino acid sequence from each circular contig, and, therefore, other regions of each contig can be assumed to be equally or less conserved.
